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Interneurons are critical for neuronal circuit function,
but how their dendritic morphologies and membrane
properties influence information flow within neuronal
circuits is largely unknown. We studied the spatio-
temporal profile of synaptic integration and short-
term plasticity in dendrites of mature cerebellar stel-
late cells by combining two-photon guided electrical
stimulation, glutamate uncaging, electron micros-
copy, and modeling. Synaptic activation within thin
(0.4 mm) dendrites produced somatic responses
that became smaller and slower with increasing
distance from the soma, sublinear subthreshold
input-output relationships, and a somatodendritic
gradient of short-term plasticity. Unlike most studies
showing that neurons employ active dendritic mech-
anisms, we found that passive cable properties of
thin dendrites determine the sublinear integration
and plasticity gradient, which both result from
large dendritic depolarizations that reduce synaptic
driving force. These integrative properties allow stel-
late cells to act as spatiotemporal filters of synaptic
input patterns, thereby biasing their output in favor
of sparse presynaptic activity.
INTRODUCTION
GABAergic interneurons are critically important for circuit func-
tion throughout the brain. They are responsible for inhibition of
principal neurons, influence the time window of excitatory
synaptic integration and plasticity, and mediate neuronal circuit
oscillations (Huang et al., 2007; Klausberger and Somogyi, 2008;
McBain and Fisahn, 2001). Their soma can be smaller and their
dendrites shorter than those of principal neurons, while their
quantal conductances are typically larger (>1 nS) and faster
(decay < 1 ms; Carter and Regehr, 2002; Geiger et al., 1997;McBain and Fisahn, 2001). Together these features contribute
to precise EPSP-spike coupling (Fricker and Miles, 2000; Hu
et al., 2010) leading to their proposed role as coincidence detec-
tors (McBain and Fisahn, 2001). However, because their thin
dendrites limit the ability to obtain direct electrophysiological
recordings (except see Hu et al., 2010; No¨renberg et al., 2010),
the integration properties of interneurons are less understood
than their principal neuron counterparts.
Nonlinear dendritic integration is thought to increase the
computational power of a neuron (Katz et al., 2009; Koch et al.,
1983; Poirazi et al., 2003a, 2003b). Studies that have focused
primarily on pyramidal neurons demonstrate that for large
numbers of synaptic inputs (>5–10) dendritic integration is
supralinear, due to the activation of voltage-dependent channels
andNMDARs (Branco andHa¨usser, 2011; Gasparini andMagee,
2006; Larkum et al., 2009; Losonczy and Magee, 2006; Nevian
et al., 2007; Polsky et al., 2004; Schiller et al., 2000). Sublinear
synaptic integration has been observed much less often in pyra-
midal neurons, and in those rare cases attributed to voltage-
dependent channels (Cash and Yuste, 1999; Hu et al., 2010;
Urban and Barrionuevo, 1998) or nonlinearities in glutamate
receptor activation (Carter et al., 2007). The cable properties of
thin dendrites make them good candidates for sublinear
synaptic integration, as first proposed by Rall (Rall, 1967; Rinzel
and Rall, 1974). To date, studies have demonstrated that inter-
neurons can act either nearly linearly (<10% sublinearity, Bagnall
et al., 2011; Tama´s et al., 2002) or supralinearly (Katona et al.,
2011). Whether the short and thin dendrites of interneurons
exhibit sublinear integration under physiological conditions
remains to be demonstrated.
Cerebellar stellate cells (SCs) are GABAergic interneurons that
receive excitatory inputs from granule cells (GCs; Palay and
Chan-Palay, 1974), and are thought to influence the spatiotem-
poral activation of Purkinje cells (PCs; Dizon and Khodakhah,
2011; Gao et al., 2003; Ha¨usser and Clark, 1997) through lateral
inhibition (Cohen and Yarom, 2000; Dizon and Khodakhah, 2011)
and/or feed-forward inhibition (Brunel et al., 2004; Dizon and
Khodakhah, 2011; Mittmann et al., 2004). How SCs influence
PC firing requires an understanding of how they transform
temporally and spatially distributed GC inputs. Quantal EPSCsNeuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc. 1159
Neuron
Dendritic Integration in Cerebellar Stellate Cellsin SCs are mediated by AMPARs, and can influence sponta-
neous firing rates (Carter and Regehr, 2002). Because of their
short dendrites, SCs are thought to be electrically compact
(Carter and Regehr, 2002; Llano and Gerschenfeld, 1993).
However, since their dendrites are also thin (Sultan and Bower,
1998), it is important to consider whether their passive cable
properties lead to location-dependent dendritic integration.
We combined two-photon guided electrical stimulation, gluta-
mate uncaging, electron microscopy, and numerical simulations
to characterize the spatial and temporal distribution of AMPAR-
mediated synaptic activation and integration in mature SCs. We
demonstrate that, despite their compact electrotonic behavior at
steady state, the thin SC dendrites behave as passive cables,
thereby filtering the synaptic response time course and ampli-
tude, producing a sublinear subthreshold synaptic input-output
relationship and a gradient of short-term facilitation along the
somatodendritic compartment. Our findings provide the first
direct evidence that dendritic integration in interneurons can
be determined almost exclusively by passive cable properties,
resulting in a dynamic spatiotemporal filter of information flow
within the cerebellar cortex.
RESULTS
Distance Dependence of Synaptic Transmission
in Mature Cerebellar Stellate Cells
Cable theory and experiments predict a decrement in the ampli-
tude of somatic voltage with synaptic activation at increasing
distances from the soma (Rall, 1967; Williams et al., 2002;
Williams and Mitchell, 2008). This amplitude decrement can
be modulated bidirectionally by voltage-activated channels
(Cash and Yuste, 1998; Margulis and Tang, 1998; Stuart and
Sakmann, 1995) and synaptic conductance scaling (Katz et al.,
2009; Magee and Cook, 2000) or reduced by specific dendritic
morphologies (Jaffe and Carnevale, 1999; Schmidt-Hieber
et al., 2007). We set out to examine the influence of dendritic
mechanisms on GC-SC transmission and short-term plasticity
along the SC somatodendritic compartment.We took advantage
of the regular anatomy of parallel fibers (GC axons) within para-
sagittal cerebellar slices (Figure 1A), as well as simultaneous
infrared Dodt contrast and two-photon laser scanning micros-
copy (2PLSM), to extracellularly stimulate GC axons at precise
locations along the SC somatodendritic compartment (Soler-
Llavina and Sabatini, 2006). The stimulus intensity at each loca-
tion was adjusted to produce stable EPSCs (recorded at
the soma) in response to a pair of stimuli (see Figures S1A and
S1B available online). With increasing distances from the
soma, the first EPSC became smaller and slower (Figures 1E,
1F, 1H and 1I) and the PPR decreased (Figures 1G and 1J).
The average PPR in the soma was 2.13 ± 0.07 (n = 45 cells),
decreasing to 1.41 ± 0.02 for dendritic synapses (n = 101, p <
0.0001, unpaired; distance from soma = 44 ± 2 mm). This was
associated with a significant distance-dependent decrease in
PPRwithin dendrites (Figure 1J). Only somatic PPRswere similar
to those from other studies (Atluri and Regehr, 1996; Bao et al.,
2010; Soler-Llavina and Sabatini, 2006). Under more physiolog-
ical conditions (current-clamp and only internal QX-314 to block
action potentials), we observed a similar distance-dependent1160 Neuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc.reduction in PPR along the somatodendritic axis (soma PPR:
2.14 ± 0.15 versus dendrite PPR: 1.46 ± 0.08, n = 9, p = 0.004;
Figures 1K and S1C). The similarity between voltage clamp
and current clamp was further confirmed by measuring the
PPR under the two conditions within the same cell (Figure S1D).
Since GCs are known to fire in bursts in vivo (Chadderton et al.,
2004), we elicited trains of synaptic stimuli (50 Hz) at somatic and
dendritic locations. The distance dependence of short-term
facilitation persisted for EPSPs late in the burst (Figures 1L and
1M). The dendritic PPR was not affected by removal of QX-314
(dendritic PPR: 1.50 ± 0.06, n = 13, p = 0.32, unpaired; data
not shown). We also examined whether internal polyamines
could contribute to the distance dependence of PPR (Rozov
and Burnashev, 1999). Internally applied spermine (0.1 mM)
produced an inward rectification of EPSCs at the soma (Liu
and Cull-Candy, 2000; Soto et al., 2007), but no difference in
the EPSP PPR at the soma or dendrite (Figures S1E and S1F).
These control experiments indicate that neither Na+ channels
nor polyamine block affect short-term synaptic plasticity and
its distance dependence.
To avoid confounding effects of extracellular stimulation of
differing numbers of activated synapses between dendrite and
soma, we examined the distance dependence of quantal EPSCs
(qEPSCs). qEPSCs were isolated by stimulating PFs under low
release probability conditions, since EPSC success rates of
<10% produce an average EPSC (obtained from successes
only) that well-approximates the amplitude and time course of
the qEPSC (Silver, 2003). We found that qEPSCs displayed
a significant distance-dependent decrease in their in amplitude
and slowing of their time course (Figure 2), with qEPSCs
elicited in the dendrite being 50% smaller than somatic qEPSCs
(23 ± 1 pA, n = 18 cells, and 44 ± 2 pA, n = 12, respectively;
p < 0.0001, unpaired).
We next examined whether a decrease in the amplitude of the
synapse conductance could account for the distance-depen-
dent decrease in qEPSC amplitude. Since extrasynaptic
AMPARs are rare (Figure S2) and the AMPAR number per
synapse is proportional to the postsynaptic density (PSD) area
in SCs (Masugi-Tokita et al., 2007) we considered PSD area as
a proxy for the relative synaptic weight. Using three-dimensional
electron microscopy (EM) reconstructions of SCs, we estimated
both the size and location of PSDs within the somatodendritic
compartment. SCs were patch-loaded with the fluorescence
indicator Alexa 594 and biocytin, then imaged with 2PSLM
(Figure 3A). Immunogold labeling of biocytin allowed the identifi-
cation and reconstruction of dendrites from patched SCs in elec-
tron micrographs without compromising the PSD size estimate
(Figures 3B and 3C). We reconstructed three somata and parts
of the dendritic trees of two SCs (e.g., Figure 3D). To estimate
synapse location relative to the soma, we compared EM recon-
structions to the corresponding 2PLSM images (Figure 3A). The
synaptic density was high in dendrites, but lower in the soma
(Figures 3D and 3E). The PSD area was 1.43 larger in the
dendrite (0.039 ± 0.001 mm2; n = 552 synapses) than in the
soma (0.028 ± 0.002 mm2, n = 97, p < 0.0001, unpaired) and
decreased only slightly along the dendrite (Figure 3F; R2 =
0.014). Therefore, these data cannot account for the more than
50% reduction in qEPSC amplitude elicited in dendrites.
Figure 1. Distance Dependence of GC-SC
Synaptic Transmission
(A) Diagram of a parasagittal cerebellar slice showing
parallel fibers (PFs) projecting perpendicular (blue dots) to
the dendritic plane of both SCs (in red) and PCs (in green).
This configuration allows precise positioning of the stim-
ulus electrode (white) with respect to an individual SC
dendrite. EPSCs are recorded using somatic whole-cell
patch clamp (red electrode).
(B) 2PLSM image (maximal intensity projection) of a SC
loaded with 30 mM Alexa 594. Locations of stimulating
pipette positions are indicated by color-coded triangles.
(C and D) 2PLSM image of the same SC as in (B) super-
imposed onto an infrared Dodt contrast image showing
the somatic (C) and a dendritic (D) stimulating electrode
position.
(E) Averaged EPSCs in response to a pair of extracellular
stimuli (50 Hz) when the stimulus electrode was placed
near the soma and at three dendritic locations (color code
is same as in B).
(F) Superposition of the first EPSCs (EPSC1) from (E).
Traces are aligned on event onset and normalized by their
peak amplitude.
(G) Traces from (E) normalized by the peak amplitude of
EPSC1. Dashed lines show a progressive decrease in the
relative size of the second EPSC (EPSC2) as the electrode
was placed further from the soma.
(H and I) Summary plots showing EPSC1 10%–90% rise
times (RT) and half widths (HW) as a function of electrode
location along the somatodendritic compartment (soma,
n = 16 cells, dendrite, n = 37). Dashed lines are linear fits
through all points; significant correlations were observed
for all kinetic parameters (RT: p < 0.0001, R2 = 0.64; HW:
p < 0.0001, R2 = 0.59). Solid lines are fits to dendritic data
points only (RT: p = 0.0006, R2 = 0.29, HW: p = 0.02,
R2 = 0.15).
(J) Summary plot of paired-pulse ratio of EPSC amplitudes
(PPR, EPSC2/EPSC1) as a function of synaptic location
along the somatodendritic compartment (soma, n = 45
cells, dendrite, n = 101, dashed line is linear fit to all points,
p < 0.0001, R2 = 0.48 (dendrites only: solid line, p = 0.0009,
R2 = 0.11). Black circles indicate mean PPR for the
somatic and dendritic electrode positions.
(K) Averaged EPSPs recorded in response to paired-pulse
extracellular stimulation at the soma (top) and dendrite
(bottom).
(L) Dendritic (gray) and somatic (blue) EPSPs in response
to a 50 Hz train (6 pulses).
(M) Summary plot showing amplitude ratio of each pulse
relative to the first (Px/P1) when stimulating at the soma
(blue) and dendrite (gray; p < 0.05 for all points, n = 9 cells).
Dendritic stimulating electrode position was 58 ± 4 mm
from the soma. Error bars are ± SEM.
See also Figure S1.
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Dendritic Integration in Cerebellar Stellate CellsImpact of Dendritic Cable Properties on the Distance
Dependence of EPSC Amplitude and Time Course
We next considered the possibility that despite their short
dendrites (100 mm; Myoga et al., 2009; Sultan and Bower,
1998), cable filtering by SC dendrites may contribute to the
distance dependence of EPSC amplitude and time course
(Rall, 1967; Thurbon et al., 1994; Williams and Mitchell, 2008).
We estimated the dendritic diameters of live SCs using high-
resolution confocalmicroscopy of labeled SCs (Figure 4A). Usingthe full width at half maximum (FWHM) of the fluorescence profile
perpendicular to the dendrite, diameters ranged from 0.25 to
0.9 mm, with a mean of 0.41 ± 0.02 mm (n = 78 dendrites; Fig-
ure 4B). Using a 0.4 mm dendritic diameter and membrane
parameters matching experimental data (Rm = 20,000 Ucm
2
and Ri = 150 Ucm), we calculated the steady-state dendritic
length constant (l) to be 365 mm (Equation S1; Supplemental
Experimental Procedures), more than twice the average
dendritic length (Sultan and Bower, 1998), suggesting that atNeuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc. 1161
Figure 2. Distance-Dependent Properties of Quantal EPSCs
(A) Superimposed single EPSCs (gray), from successful trials, and the corre-
sponding averaged traces (bold) recorded in response to extracellular stimu-
lation at the soma (top) and in the dendrite (bottom) under low release prob-
ability conditions (external [Ca2+]/[Mg2+] was 0.5/5 mM; failure rate >90%).
(B–D) Summary plots showing distance-dependent changes in qEPSC
parameters (soma, n = 12 cells, dendrite, n = 18). Dashed lines are linear fits to
all data points, and solid lines are fits to dendritic data points only. The EPSC
amplitude decreased with distance (all locations: p < 0.0001, R2 = 0.69;
dendritic locations only: p = 0.009, R2 = 0.36) (B). The average 10%–90% rise
time was 0.12 ± 0.01ms in soma and 0.33 ± 0.04ms in dendrite, and increased
with distance (all locations: p < 0.0001, R2 = 0.58; dendritic locations only:
p = 0.03, R2 = 0.27) (C). The half-width values increased with distance (all
locations: p<0.0001, R2 =0.69; dendritic locations only: p =0.02, R2 =0.31) (D).
The stimulating pipette was positioned, on average, 41 ± 4 mm from the soma.
Error bars are ± SEM.
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Dendritic Integration in Cerebellar Stellate Cellssteady-state SCs are electrically compact (Carter and Regehr,
2002; Sultan and Bower, 1998). This was verified by estimating
the reversal potentials of somatic and dendritic EPSCs which
reversed in both cases near 0 mV (+4 and +6 mV, respectively;
Figure S3). These data contrast with the +40 mV reversal poten-
tial of PC dendrites (Llano et al., 1991) and the +200 mV of pyra-
midal cell dendrites (Williams andMitchell, 2008), confirming that
SCs are electrotonically compact at steady state.
In contrast, rapid transient AMPAR conductances are ex-
pected to exhibit shorter length constants (Rall, 1967; Thurbon
et al., 1994; Williams and Mitchell, 2008). We estimated that
a 1 kHz sine wave would produce a l < 50 mm in SCs, arguing
that rapid AMPAR-mediated synaptic conductances may be
heavily filtered even at short distances (Equation S2; Supple-
mental Experimental Procedures). To explore the impact of
thin SC dendrites on AMPAR-mediated synaptic responses,
we performed numerical simulations of voltage- and current-
clamp using the neuron simulating environment (Hines and
Carnevale, 1997) with an idealized SC morphology, where
branch number and length were matched to experimental values
(Myoga et al., 2009), and the dendritic diameter was set to
0.4 mm (Figure 4B), since we did not observe significant tapering1162 Neuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc.of dendritic widths (data not shown). This ‘‘average’’ SC mor-
phology enabled the systematic examination of the influence of
dendritic diameter, number of branch points and PSD scaling
on SC dendritic integration. Rm and Ri were initially set to values
indicated above, and the simulated synaptic conductance
amplitude and time course were adjusted to match somatic
EPSCs and qEPSCs (Figure 2).
Simulated EPSCs (monitored at the soma) became smaller
(Figures 4C and S4C) and slower (Figure S4B) as synapse loca-
tion was placed distally along the dendrite, consistent with
experimental observations. This distance-dependent decrease
in amplitude was associated with an increase in the local
synaptic depolarization (Figures 4C and S4C). For example,
a synapse located 47 mm away from the soma produced an
EPSC 79% smaller than for a somatic synapse, while producing
a 31 mV local dendritic depolarization. Simulated qEPSCs
(Figures 4D and S4D) exhibited an amplitude decrease of 71%
at 47 mm and were associated with an 8 mV local depolarization.
When we scaled the dendritic synaptic conductance by 1.4 to
match EM results (Figure 3F), the distance-dependent decrease
in the simulated qEPSC amplitude (62% at 47 mm) matched
more closely that of experimental qEPSC (52% at 47 mm; Fig-
ure 2). The distance dependence of the model was insensitive
to a wide range of Rm (Figures S4A and S4B) and varied only
by approximately ±10%–20% for a common range of Ri (Mejia-
Gervacio et al., 2007; Roth and Ha¨usser, 2001; Schmidt-Hieber
et al., 2007; Figures 4G and S4A) and number of branches
(Figures S4C to S4D). In contrast, the distance-dependent
decrease in both the simulated EPSC and qEPSC amplitudes
were highly sensitive to changes in dendritic diameter (0.3 to
2 mm; Figures 4G and S4A). These simulations indicate that
under somatic voltage-clamp conditions, poor space clamp
of dendritic synaptic conductances can account for a majority
of the distance-dependent amplitude reduction and slowing of
somatically recorded EPSCs.
Similar results were obtained when simulating current-clamp
recordings of EPSPs (Figures 4E and S4E) and qEPSPs (Figures
4F and S4F), consistent with cable theory and previous experi-
ments (Spruston et al., 1993; Thurbon et al., 1994; Williams
and Mitchell, 2008). Simulated EPSP and qEPSP exhibited a
distance-dependent decrement in amplitude, although to a
lesser extent than EPSCs (51% and 40%, respectively, at
47 mm) but were critically influenced by dendritic diameter (Fig-
ure 4H). The distance-dependent increase in the local depolar-
ization was similar to that for voltage clamp. Taken together,
these simulations demonstrate that passive neuron models
with narrow dendritic diameters are sufficient to mimic the
observed distance-dependent decrease in qEPSC amplitude
and slowing of its time course, and predict a dendritic gradient
of filtered EPSPs.
Subthreshold Input-Output Relationships of Single SC
Dendrites using Glutamate Uncaging Are Exclusively
Sublinear and Dominated by Passive Properties
We next examined whether the large dendritic depolarization
could decrease the synaptic current driving force and introduce
a nonlinearity that would curtail linear summation of EPSPs
within the same dendrite (Bloomfield et al., 1987; Rall et al.,
Figure 3. Electron Microscopic Reconstruction of SC Dendrites and Synaptic Contacts
(A) 2PLSM image of an Alexa 594 loaded SC (maximal intensity projection) before fixation.
(B and C) Electron micrographs of an immunogold labeled SC dendrite (B) and an unlabeled soma (C). Excitatory synapses are indicated by pink arrows.
(D) 3D rendering of an EM reconstructed SC. Pink dots (500 nm in diameter) indicate PSD locations. A part of the dendritic tree is shown in the lower inset.
The structure at the left with no PSDs is the axon. PSDs at the soma are not indicated but a full reconstruction of a soma from a separate preparation is shownwith
the PSD locations indicated in the upper inset.
(E) Plot of nearest neighbor distance (NND) versus distance from soma. Black circles indicate average values for soma (1.2 ± 0.06 mm, n = 104) and dendrites
(0.69 ± 0.02 mm, n = 541; *p < 0.0001, unpaired). Black line is a linear fit of dendritic values only (p = 0.67, R2 = 0.0005).
(F) Plot of synapse area versus distance from soma (n = 649 synapses). Black circles indicate average values for soma and dendrite (*p < 0.0001, unpaired).
The black trace is a linear fit of the dendritic data points only (p = 0.005, R2 = 0.014). Error bars are ± SEM.
See also Figure S2.
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single SC dendrites using rapid diffraction-limited one-photon
photolysis. Photolysis-evoked EPSPs (pEPSPs) were elicited
using a 405 nm diode (Trigo et al., 2009) and laser pulse dura-
tions between 30 and 100 ms in order to vary the amplitude of
pEPSPs. Because of the high density of excitatory synapses
(0.7 mm intersite distance; Figure 3E), pEPSPs could be evoked
at most photolysis locations (Figure 5A). NMDARs were pharma-
cologically blocked since they are known to be extrasynaptic
(Clark and Cull-Candy, 2002). We examined the input-output
relationship by comparing the algebraic sum of individual
pEPSPs from 5 laser locations (5 mm apart) along the dendrite,
with compound pEPSPs in response to quasi-simultaneous
(200 ms interval) activation of all 2 to 5 locations. The compound
pEPSP were systematically smaller than the algebraic sum of its
corresponding individual pEPSPs (Figures 5A and 5B). pEPSPs
were converted to number of quanta by dividing them by the
measured qEPSP of 2.5 mV (Supplemental Experimental Proce-dures). The magnitude of the sublinearity was calculated ((1 
(observed compound pEPSP/sum of individual pEPSPs)) 3
100) to be 26% ± 4% for 5 quanta (n = 6; versus 38% from simu-
lated qEPSPs; Figure 5C, thick black line) and 48% ± 3% for 10
quanta (n = 11). The pEPSP sublinearity could be observed for
just under 2 quanta (10% sublinearity; Figure 5C, inset, arrow).
This sublinearity is less than predicted by simulations (18%, Fig-
ure 5C, inset, solid black line), possibly due to the sublinearity of
single quantal EPSPs, which simulations predict to be 10%.
Voltage-dependent conductances, in particular those medi-
ated by NMDARs and Ca2+ channels, can produce supralinear
summation of synaptic inputs (Branco and Ha¨usser, 2011;
Cash and Yuste, 1999; Margulis and Tang, 1998; Urban and
Barrionuevo, 1998), whereas K+ channels can produce sublinear
summation (Cash and Yuste, 1999; Hu et al., 2010; Margulis and
Tang, 1998; Urban and Barrionuevo, 1998). In SCs, the synaptic
input-output relationships remained sublinear in presence of
NMDAR, Na+, Ca2+, K+ and HCN channel blockers (Figures 5DNeuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc. 1163
Figure 4. Numerical Simulations of Thin SC
Dendrites Indicate Significant Cable Filtering and
Large Local Depolarizations
(A) Maximal intensity projection of one-photon confocal
images of a SC labeled with Alexa 488. Yellow line shows
dendritic location of intensity profile shown in (B).
(B) Dendrite diameter is approximated by the full width half
maximum (FWHM) of a line profile. Right, histogram
showing the distribution of dendrite diameters from 78
dendrites, with a Gaussian fit indicating a mode centered
at 0.34 ± 0.01 mm.
(C) Numerical simulations of somatic EPSCs in a passive
neuron under voltage-clamp (with Cm = 0.9 pF/cm
2, Rm =
20,000 Ucm2, and Ri = 150 Ucm). The idealized SC
dendritic morphology has a uniform diameter of 0.4 mm
and 3 dendritic branch points. Top traces, simulated
EPSCs in response to an evoked conductance (gsyn) at
different somatodendritic locations (blue and gray traces).
The amplitude of gsyn was set to reproduce the experi-
mental EPSCs when stimulating somatic synapses (5.33
the qEPSC). Bottom traces (green) are the corresponding
local voltage transients at the site of synaptic conductance
injection.
(D) Same as (C) but for a gsyn that reproduces qEPSCs
evoked by somatic synapses.
(E) Numerical simulations of somatic EPSPs in the same
neuron morphology (current-clamp) for different synapse
locations. gsyn is same as in (C).
(F) Same as (E) but using the quantal synaptic conduc-
tance as in (D).
(G) Summary plot showing the influence of dendritic
diameter on simulated qEPSC amplitude attenuation as
a function of synaptic location along the somatodendritic
compartment. Boundaries of shaded region indicate
simulations with a Ri of 100 to 200 Ucm.
(H) Same as (G) but for qEPSPs.
See also Figures S3 and S4.
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Dendritic Integration in Cerebellar Stellate Cellsand 5E), a condition in which nearly all voltage-dependent
conductances are blocked (Figure S5). These data and simula-
tions demonstrate that, for synaptic depolarizations induced
by up to 15 simultaneously evoked quanta, sublinear dendritic
integration in SCs is determined largely by its passive cable
properties.
Mechanism of Distance-Dependent Short-Term
Plasticity of Synaptic Transmission
Thus far, experimental and modeling results indicate that larger
synaptic conductances will produce larger sublinearities (Fig-
ure 5C). We therefore tested the hypothesis that, during
paired-pulse facilitation, a sublinear ‘‘readout’’ of the second,
potentiated synaptic conductance could underlie the distance-
dependent reduction in EPSC PPR (Figure 1). We repeated the
PPR stimulation protocol (Figure 1) in presence of submaximal
concentrations of a noncompetitive AMPAR antagonist (GYKI
53655 or 53784, 3–9 mM; Paternain et al., 1995). We reasoned
that a reduction in synaptic conductance would reduce local
depolarization and hence minimize the sublinear report of the
facilitated synaptic conductance. Indeed, when EPSC ampli-
tudes were reduced by more than 75% the difference between
dendritic and somatic PPRs was no longer observed (Figure 6A).
To confirm that synaptic currents were mediated solely by1164 Neuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc.AMPARs, EPSCs were entirely blocked by a saturating concen-
tration of GYKI (40 mM; data not shown). Also, the distance
dependence of PPR was not affected by blockade of voltage-
dependent Na+, K+, Ca2+, HCN channels, or mGluRs (Figures
S6A–S6D), further supporting a passive cable mechanism.
These data show that, although the paired-pulse facilitation is
mediated through a presynaptic mechanism, the distance-
dependent gradient of short-term plasticity results from a post-
synaptic sublinear ‘‘readout’’ of synaptic conductances.
These results were confirmed by simulations showing that
passive cable properties are sufficient to produce a distance-
dependent decrease in PPR (Figure 6B). A conductance ratio
of 2.25 produced a simulated EPSC PPR of 2.1 for a somatic
synapse, and a PPR of 1.5 for a synapse activated at 47 mm in
the dendrite, or 1.4 with dendritic synaptic scaling (Figure 3F),
a value closer to experimental results (Figure 6D). The simulated
qEPSC PPR for dendritic synapses at 47 mm was 1.9 without
dendritic scaling and 1.8 with scaling, showing that the conduc-
tance ratio (2.25) was underestimated even for quantal transmis-
sion (Figures 6B and 6D), and consistent with the observed 10%
sublinearity for 2 quanta (Figure 5). The PPR was independent
of Rm (data not shown), little affected by Ri and the number of
branches (Figure 6D), but strongly dependent on dendrite
diameter (Figure 6C). Moreover, the distance dependence of
Figure 5. Glutamate Uncaging in Single SC Dendrites Shows Sublinear Integration
(A) 2PLSM SC images showing glutamate uncaging locations (red dots). Right, photolysis-evoked EPSPs (pEPSPs) in response to increasing number of laser
spot locations (1–5 spots, 5 mm apart). The laser pulse duration was 100 ms. Right bottom, algebraic sum of individual pEPSPs. NMDARs and GABAARs were
blocked.
(B) Subthreshold input-output relationship of pEPSPs from (A). The solid line is a slope of 1. The lower x axis represents the pEPSP amplitude transformed into the
number of quanta, estimated from the measured qEPSP of 2.5 mV.
(C) Averaged subthreshold input-output relationship (23 cells). Individual input-output functions were divided into groups based on the amplitude of the first
pEPSP (colored circles): 0.9 (red, n = 7 cells), 1.5 (black, n = 4), 1.9 (blue, n = 6), and 2.8 quanta (green, n = 6). Data sets with a large first EPSP amplitude (1.5, 1.9,
and 2.8 quanta) were scaled according to the sublinearity observed in the first group. Gray shading is the 95% confidence interval of all the data fit to a saturating
Hill equation (gray dashed). Inset is a magnification to indicate where the confidence interval starts to deviate from the algebraic sum (arrow, 1.7 quanta). The
black solid trace is a numerical simulation using the SC model from Figure 4.
(D) Input-output function in the absence of NMDAR antagonists. Holding potential (Vh) was depolarized from70mV (black circles, n = 6) to50mV (open circles,
n = 6) to further alleviate Mg2+ block of NMDARs. The sublinearity at 5 and 10 quanta was not significantly different from control (C) for data acquired with
a Vh =70mV (p = 0.52, unpaired, p = 1.06 for 10 quanta), or when compared to Vh =50mV (p = 0.46; unpaired, p = 0.94 for 10 quanta). The ‘‘expected’’ value of
pEPSP1 was adjusted according to the sublinearity for group 1 in (C). The dashed curve is the fit of control values in (C).
(E) Input-output function obtained with a Cs+-based internal solution with 10 mM BAPTA and 10 mM TEA to block a majority of K+ currents. The bathing solution
contained CdCl2 (200 mM) and NiCl2 (75 mM) to block voltage-gated Ca
2+channels, TTX (1 mM) for Na+ channels, and ZD7288 (10 mM) to block HCN channels. Vh
was either 70 mV (black circles, n = 23 cells) or 35 mV (open circles, n = 23) to completely block A-type K+ channels. The sublinearity at 5 quanta was not
significantly different from control in (C) (p = 0.29 for Vh = 70 mV and p = 0.27 for Vh = 35 mV; unpaired, p = 0.45 and 0.49, respectively, for 10 quanta). The
dashed curve is the fit of control values in (C). Inset shows the 95% confidence interval. Error bars are ± SEM.
See also Figure S5.
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Dendritic Integration in Cerebellar Stellate Cellssimulated EPSP and qEPSP PPR (Figures S6E–S6G) was
similar to experimental results (Figures 1K–1M). These findings
indicate that the sublinear behavior of thin, passive dendrites is
sufficient to transform a spatially uniform short-term plasticity
of conductances into a gradient of short-term plasticity of
synaptic potentials.Photolysis-Evoked EPSCs Exhibit a Distance
Dependence of PPRs
In order to confirm the postsynaptic origin of PPR gradients
along the somatodendritic axis, we compared somatic and
dendritic AMPAR activation using glutamate uncaging. For all
pEPSCs elicited in the soma, we adjusted the laser spot locationNeuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc. 1165
Figure 6. Sublinear Behavior of SC Dendrites
Produces a Distance-Dependent Reduction in
EPSC PPR
(A) EPSCs in response to pairs of electrical stimulation
(20ms interval) before and after perfusion of a submaximal
concentration of GYKI (control black, GYKI [red] for
somatic [left] and dendritic [right] synapses). Bottom,
normalized traces showing increased PPR in GYKI. The
PPR of the dendritic EPSCs increased on average from
1.40 ± 0.05 to 2.07 ± 0.10 (*p < 0.0001, n = 19 cells), while
that of somatic EPSCs was not different (p = 0.65, n = 9).
There was no difference between somatic and dendritic
PPRs in GYKI (2.07 ± 0.10 versus 2.41 ± 0.12, unpaired,
p = 0.09).
(B) Numerical simulations of paired pulse facilitation of
EPSCs in the SC model. Top left, gsyn was set as in Fig-
ure 4C (1e), and then increased by 2.253 (2.25e) in order
to mimic EPSC PPR of somatic inputs. Top right, gsyn
was set as in Figure 4D (1q), and then increased by
2.253 (2.25q). Middle, simulated currents in the somatic
compartment for synaptic activation in soma (blue) and
dendrites (gray). Bottom, local voltages for somatic (dark
green) and dendritic (light thick green) synapses.
(C) Summary plot showing the influence of dendritic
diameter (from 0.3 to 2 mm) on simulated PPR as a function
of distance from the soma for EPSC (top) and qEPSC
(bottom). Experimental PPRs are shown as black circles
(from Figure 1J). Boundaries of shaded region indicate
simulations with a Ri of 100 to 200 Ucm.
(D) Summary plot showing the influence of various number
of dendritic branch points on PPR for simulated EPSCs
(filled circles) and simulated qEPSCs (open circles). Blue
circles are simulations in with a 40% larger synaptic
conductance in the dendrite in order to match the
increased average dendritic PSD size (Figure 3). Error bars
indicate PPRs from simulations with Ri values ranging
from 100 to 200 Ucm. Dashed lines indicate mean PPR
values of the experimental data. Error bars are ± SEM.
See also Figure S6.
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thereby centering it on an AMPAR cluster (DiGregorio et al.,
2007). A 30 ms laser pulse produced a mean somatic pEPSC
amplitude similar to somatic qEPSCs (42 ± 2 pA; n = 12 cells;
Figure 7A) but when delivered on their dendrites produced
pEPSCs that were twice the dendritic qEPSC amplitude (43 ±
5 pA; n = 12). This difference is likely due to the higher density
of synapses in dendrites (Figure 3E). As a final calibration, we
increased the second laser pulse duration by 1.75 in order to
mimic the average EPSC PPR for somatic synapses (Figure 1J).
This produced a pEPSC PPR of 2.21 ± 0.08 at somatic locations
that decreased to 1.35 ± 0.08 for dendritic locations (n = 12,
p = 0.0005; Figure 7B). This PPR difference was observed for
all laser pulse durations tested, consistent with a nearly linear
increase in somatic pEPSC amplitude and a sublinear increase
in dendritic pEPSCs (Figure 7C). This difference was not due to
receptor desensitization or high receptor occupancy (Figures1166 Neuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc.S7F–S7I). Taken together, the pharmacological
experiments, numerical simulations, and direct
AMPAR activation support the conclusion that
sublinear postsynaptic properties are respon-sible for the apparent distance-dependent gradient in short-
term plasticity.
Spatiotemporal Filtering of GC Transmission
by SC Dendrites
We next examined the spatial and temporal dependence of sub-
linear dendritic integration in order to determine how SCs might
filter different spatial and temporal patterns of GC activity.
pEPSPs elicited at 0.5 ms intervals by identical uncaging pulses
produced a maximal sublinear summation of 15% ± 4% for
uncaging spots 5 mm apart (n = 10 cells; observed versus ex-
pected, p = 0.004), 15% ± 3% when 10 mm apart (n = 9, p =
0.004), and 10% ± 2% when 20 mm apart (n = 12, p = 0.001;
Figures 8A and 8C). The sublinear interactions recovered within
20 ms and were not observed when uncaging locations were
on separate dendrites (1% ± 2%, n = 4, p = 0.63; Figure 8C,
open circles), although sublinear summation located on separate
Figure 7. Photolysis-Evoked EPSCs Support a Purely Postsynaptic
Mechanism Underlying Differences in PPR between Dendrite and
Soma
(A) 2PLSM image showing location of laser illumination (crosses). Right, pair of
averaged pEPSCs evoked at somatic (top) and dendritic (right) locations for
first laser pulse widths (PW1) of 10, 20, 30, and 40 ms (the second laser pulse
width (PW2) was 1.753 longer than the first). Thick dark traces are pEPSCs for
PW1 = 30 ms and PW2 = 53 ms.
(B) Summary plot of pEPSC PPR for somatic and dendritic locations on the
same SC. The uncaging locations were at a mean distance of 55 ± 4 mm from
the soma.
(C) Relative pEPSC amplitudes for dendritic and somatic locations, and for
different pulse widths. The open circles show the PPR values for somatic and
dendritic locations (n = 12 cells). Error bars are ± SEM.
See also Figure S7.
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n = 4, p = 0.13), as a result of slow redistribution of charge
through the soma and then into other dendrites. Passive numer-
ical simulations of EPSPs with synaptic conductances equiva-
lent to two quanta reproduced pEPSP amplitudes and their
sublinear summation (Figures 8B and 8D). However, the decay
of sublinear interactions was 2-fold faster (Figure 8D), due
to the fast quantal conductance time course as compared to
the photolysis-evoked conductance (DiGregorio et al., 2007).
Considering the time window predicted from numerical simula-
tions, we conclude that the sublinear summation of inputs within
single dendrites is strongest for synchronized inputs (<5 ms)
occurring within 20 mm.
The simulations also show that the decay of sublinear summa-
tion was slower than the synaptic conductance but similar to thelocal synaptic depolarization decay (Figure 8D). This finding is
consistent with changes in local driving force as the mechanism
of sublinear summation (Jack et al., 1975; Rall, 1967; Rinzel
and Rall, 1974). A local qEPSP depolarization of 8 mV (Fig-
ure S4F), relative to a 76 mV driving force, predicts an 11%
decrease in driving force, which is similar to the recorded and
simulated 10% sublinearity (Figures 5C and 8E, respectively).
Figure 8E also shows an increased sublinearity with distance as
would be expected for larger local depolarizations at more distal
locations (Figure S4F). Taken together, our data and simulations
suggest that the mechanism underlying sublinear interactions
between activated synapses is determined by the decrease in
driving force for synaptic current, which is directly related to the
location, amplitude and time course of the local depolarization.
DISCUSSION
How dendritic properties of interneurons influence information
flow within the cerebellar cortex has not been previously exam-
ined. Here, we performed a detailed study of the integrative
properties ofmature cerebellar SCs in order to better understand
how they transform the spatial-temporal pattern of GC activation
into inhibition of PCs. We demonstrate that despite their short
dendrites, adult SCs exhibit a distance-dependent filtering of
EPSCs and EPSPs, a sublinear dendritic input-output relation-
ship, and a distance-dependent reduction in short-term synaptic
facilitation. We show that these properties are governed by
passive cable properties, predominantly due to their narrow
dendritic diameters, without any contribution of voltage-depen-
dent channels. This sublinear dendritic integration is optimal
for synapses activated simultaneously within 20 mm dendritic
segments, and enables SCs to act as a spatiotemporal filter of
GC activity.
Critical Properties Influencing Synaptic Integration
in SCs
We show that narrow SC dendritic diameters (0.4 mm; Figure 4)
and their passive cable properties (Figures 5 and S6) are the
primary factors determining the integration of rapid AMPAR-
mediated synaptic inputs. Although SCs are known to express
rapidly activating K+ and Ca2+ channels (Molineux et al., 2005),
the low channel density and/or gating properties (inactivation,
slow activation, or high activation threshold) preclude their
involvement in dendritic integration. The exceedingly narrow
diameters produce very short length constants for fast synaptic
conductances, resulting in a distance-dependent filtering of
EPSCs and EPSPs (Figures 1 and 2) within as little as 20 mm
from the soma. Narrow diameters also produce large local input
resistances (2 GU for 0.4 mm—in comparison to 550 and
100 MU for 1 and 3 mm diameters; Equation S3; Supplemental
Experimental Procedures), which are responsible for large local
synaptic depolarizations. This depolarization reduces the driving
force for synaptic current, which results in both EPSPs and
EPSCs that are sublinearly related to their synaptic conductance
(Rall, 1967; Rinzel and Rall, 1974). The time course of the local
depolarization then defines the time window for the sublinear
interactions between synaptic responses (Figure 8). This local
depolarization, and resulting decrement in the driving force forNeuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc. 1167
Figure 8. Temporal and Spatial Dependence of
Sublinear Dendritic Integration
(A) Left, individual pEPSP responses at two independent
uncaging locations (red dots on 2PSLM image, 100 ms
laser pulse width). Right, algebraic sum of individual
pEPSPs (black) and compound pEPSPs when the two
spot locations (40 mm from soma) were activated at
different time intervals (blue). Gray traces are EPSP1 alone.
(B) Numerical simulation in the idealized SC. Dendritic
synaptic locations were 5 mm apart, and centered 47 mm
from the soma. gsyn was twice the quantal conductance in
order to match the experimental pEPSP amplitude.
(C) Summary plots of sublinear summation (100 3 (1 
(pEPSP1 + pEPSP2 of compound pEPSP)/(sum of pEPSP1
and pEPSP2 elicited alone))) as a function of increasing
inter-stimulus interval, using 5 (n = 10 cells), 10 (n = 9), and
20 mm (n = 12) between photolysis locations. Open circles
are values attained when the photolysis locations were on
two separate dendrites (n = 4). Error bars are ± SEM.
(D) Simulated EPSP summation (calculated as in C) for
a range of inter-stimulus intervals (0 to 20 ms) and intersite
distances (2 to 30 mm, and different dendrites). Bottom,
simulated conductance waveform superimposed on the
local synaptic voltage waveform.
(E) Summary plot showing sublinear summation of two
simulated EPSPs (for each, gsyn = quantal conductance)
as a function of distance for the soma. Boundaries of
shaded region indicate simulations with a Ri of 100 to
200 Ucm.
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Dendritic Integration in Cerebellar Stellate Cellslocal synaptic currents, may contribute to the distance-depen-
dent decrease in EPSPs recorded at the soma, thereby contrast-
ing the location independence predicted by numerical simula-
tions of passive neurons with thin dendrites, which require that
synapses act as current sources (Jaffe and Carnevale, 1999;
Schmidt-Hieber et al., 2007).
Larger synaptic conductances will produce larger local depo-
larizations and thus enhance sublinear summation and integra-
tion. For SCs, the large quantal conductance (Carter andRegehr,
2002), increased dendritic PSD size (1.43 soma PSDs; Figure 3),
and multivesicular release (Bender et al., 2009) are all likely to
contribute to the sublinear behavior observed for as few as 2
quanta (Figure 5). The larger PSD size in dendrites is not suffi-
cient to compensate for dendritic filtering of synaptic inputs
but does enhance the distance dependence of sublinear integra-
tion and PPR, thereby accentuating the difference in integrative
properties between soma and dendrites. Moreover, since GC-
SC synapses can release multiple vesicles per synaptic contact,
and release probability is regulated during both short (Figures 1,
5, and 6)- and long-term plasticity (Bender et al., 2009; Jo¨rntell
and Ekerot, 2002), activity-dependent changes in local synaptic
conductances will also alter the degree of sublinear integration.1168 Neuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc.Sublinear Integration within Other
Neurons
The distance-dependent synaptic efficacy,
dendritic integration, and short-term plasticity
that we observed can be generalized to all
dendritic morphologies with dendrites less
than 1 mm (Figures 4G, 4H, 6C, and 6D),
provided that dendrites behave passively withinthe physiological range of synaptic activation. Candidate
neurons with thin dendrites include hippocampal CA1 interneu-
rons (0.6–0.8 mm; Emri et al., 2001), or lateral geniculate inter-
neurons (0.5 mm; Bloomfield and Sherman, 1989). In fast-spiking
neocortical interneurons, sublinear integration has been ob-
served when as few as 3 synapses are activated within a single
dendrite (Tama´s et al., 2002); it remains to be determined if this is
due to passive properties.
Sublinear Dendritic Integration Promotes SC
Computations
SC dendrites exhibit sublinear subthreshold input-output rela-
tionships, provided that synaptic inputs occur within a 20 mm
dendritic segment and a 2 ms time window (Figure 8). For inputs
distributed throughout the dendritic tree, summation is more
linear. This dendritic computation biases SC output against
spatially and temporally clustered synaptic activity, and can be
regarded as a ‘‘decorrelator.’’ This computation contrasts the
two-stage integration models (Katz et al., 2009; Poirazi et al.,
2003b) of most other neurons, which are achieved with supralin-
ear dendritic integration (Branco and Ha¨usser, 2011; Katona
et al., 2011; Losonczy and Magee, 2006; Poirazi et al., 2003a;
Figure 9. SCs Can Act as Temporal and
Spatial Filters of GC Inputs
(A) Schematic diagram illustrating the SC as
a radial spatiotemporal filter of GC synaptic inputs
(yellow circles). Asynchronous synaptic activation
of SCs (red) produces a distance-dependent
decrease of somatic EPSPs (circular gray color
gradient). Black corresponds to synaptic locations
having the strongest impact on the axosomatic
voltage, while light gray represents regions where
synapses exhibit diminished axosomatic efficacy.
(B) High-frequency stimulation of GC axons
will produce short-term facilitation of vesicular
release, thereby increasing the synaptic conduc-
tance through enhanced multivesicular release. The larger conductances will experience an enhanced sublinearity and further decrease the relative impact of
dendritic synaptic activation, resulting in a steeper negative gradient of relative somatic efficacy.
(C) The negative gradient of relative synaptic efficacy will also be sharpened when several clustered synapses are activated within single dendrites simulta-
neously.
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Dendritic Integration in Cerebellar Stellate CellsPolsky et al., 2004). An example of dendritic decorrelation was
first described for bipolar auditory brainstem neurons involved
in sound localization, which are thought to use sublinear synaptic
summation to bias their output in favor of simultaneous synaptic
activation on separate dendrites by afferents arising from each
ear (Agmon-Snir et al., 1998). In fast-spiking hippocampal inter-
neurons, sublinear summation due to Kv3-type channels activa-
tion also favors simultaneous activation on different dendrites
(Hu et al., 2010).
SCs Act as Temporal and Spatial Filters of GC Inputs
The pattern of GC activation of PCs is important for cerebellar
cortical processing (Albus, 1971; Brunel et al., 2004; Isope and
Barbour, 2002; Tyrrell andWillshaw, 1992) and can be influenced
by feed-forward inhibition from SCs (Bower, 2010). Therefore,
how SCs spatially and temporally filter GC activity is critical to
their function in the cerebellar cortical circuit. The spatial extent
of the filter within the molecular layer is determined by the
anatomy of the SC dendritic tree. For low release probability
conditions, the relative weighting of synaptic inputs along the
dendrite exhibits a modest negative gradient due to passive
cable filtering (Figure 9A). This synaptic efficacy gradient
becomes steeper when either release probability increases
(resulting in multivesicular release; Figure 9B) or synaptic activa-
tion is clustered (Figure 9C), due to the dendritic gradient of sub-
linearity (Figure 8E). For bursts of synaptic stimuli, sublinear
‘‘readout’’ of the larger conductances within the train will act to
dampen all short-term synaptic plasticities, both facilitating and
depressing, as if the large EPSPs were saturated. The dendritic
gradient of sublinearity (Figure 8E) will transform the spatially
uniform short-term plasticity of conductances into to a gradient
of EPSP plasticity. Taken together, sublinear integration in SCs
can act as an activity-dependent spatial filter that imparts a nega-
tive gradient of synaptic efficacy along its dendrites, which is
steepest under high synaptic activation densities, and will tend
to equalize multipulse dynamics (PPR/ 1). Finally, short- and
long-term changes in the synaptic efficacy of GC-SC inputs
(Bender et al., 2009; Dittman et al., 2000; Jo¨rntell and Ekerot,
2002; Kreitzer and Regehr, 2002) would alter the spatiotemporal
filter properties of SCs, and contribute to the adaptive filter
behavior of the cerebellar cortex (Dean et al., 2010).Impact of SC Integration in Molecular Layer
Circuit Function
It is thought that partial somatotopy can be encoded in clusters
of GC ascending synapses, which are organized in modules
(Bower, 2010; Ruigrok, 2011), but whether GCs convey different
information to either proximal or distal regions of single SCs is
unknown. Clonal studies show that GCs that develop at similar
times extend their parallel fibers preferentially to specific depths
within the molecular layer (Espinosa and Luo, 2008). These
authors show that the developmental stacking parallels the
different developmental stages of the specific sensory modality
innervation of the GC layer. As SCs dendrites protrude toward
the pia in a biased manner (Sultan and Bower, 1998), it is
conceivable that the different modalities exhibit a biased distri-
bution within the SC dendritic tree, and may therefore experi-
ence different degrees of dendritic filtering.
Nevertheless, the decorrelation properties of SCs suggest that
their output firing will be biased in favor of sparse spatiotemporal
patterns of its GC inputs. Physiological and anatomical evidence
indicate that SC feed-forward inhibition is spatially organized to
inhibit PCs that are adjacent to the activated interneuron and PC
(Dizon and Khodakhah, 2011; Eccles et al., 1967; Ekerot and
Jo¨rntell, 2001; Jo¨rntell et al., 2010; Sultan and Bower, 1998;
Szentagothai, 1965). This surround inhibition will provide a rela-
tive enhancement of the activity of PCs that receive the same
GC input as the activated SC. In particular, PCs receiving
sparse rather than clustered synaptic activation patterns will
experience a contrast enhancement of their response. It is there-
fore conceivable that the SC dendritic filtering can contribute to
the sparse coding of GC-PC transmission, a feature thought to
be important for the storage of a large number of activity patterns
in PF-PC synaptic plasticity (Albus, 1971; Brunel et al., 2004;
Marr, 1969).
EXPERIMENTAL PROCEDURES
Cerebellar Slice Preparation and Electrophysiology
Whole-cell patch-clamp recordings were made from SCs (33C–36C) located
in the outer one-third of acutely prepared cerebellar slices from animals aging
between P28 and P78 (200 mm thick). EPSCs and EPSPs were recorded with
a Multiclamp-700B amplifier (Molecular Devices) and digitized using a multi-
function input/output board (National Instruments). Data acquisition andNeuron 73, 1159–1172, March 22, 2012 ª2012 Elsevier Inc. 1169
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Dendritic Integration in Cerebellar Stellate Cellsanalysis were performed using Neuromatic (www.neuromatic.thinkrandom.
com) written within the Igor Pro 6.2 environment (WaveMetrics). Unless other-
wise stated, the internal solution contained 1 mM QX-314, and the external
solution included 10 mM SR-95531, 10 mM D-AP5, 20 mM 7-chlorokynurenic
acid, and 0.3 mM strychnine, to block GABAA, NMDA, and glycine receptors,
respectively.
Transmitted Light and Fluorescence Imaging
SC somata were visually identified using infrared Dodt contrast (Luigs and
Neumann) and a frame transfer CCD camera (Scion Corporation). Simulta-
neous two-photon fluorescence and Dodt contrast imaging was used to posi-
tion extracellular stimulating electrodes along dendrites of Alexa 594 filled
SCs. The dual-imaging mode was implemented using a pulsed Ti:Sapphire
laser (DeepSee) tuned to 810 nm on an Ultima two-photon laser scanning
microscope system (Prairie Technologies) mounted on an Olympus BX61W1
microscope equipped with a 603 (1.1 NA) water-immersion objective.
Glutamate Uncaging
The caged compound 4-methoxy-7-nitroindolinyl-caged L-glutamate (MNI-
glutamate, Tocris Bioscience) was either bath applied (2 mM) or locally
perfused (20mM) using patch pipettes. A 405 nm diode laser (Omicron Lasers)
beam was coupled to the Ultima scanhead using a single mode optical fiber
(Oz Optics) similar to DiGregorio et al. (2007). The preparation was illuminated
through a second set of galvanometer-based scan mirrors, allowing indepen-
dent and rapid positioning of the photolysis beam.
Data Analysis
Data are expressed as average ± SEM unless otherwise indicated. Statistical
tests were performed using a nonparametric Wilcoxon-Mann-Whitney two-
sample rank test routine for unpaired and a Wilcoxon signed-rank test routine
for paired comparisons (IgorPro). Unless otherwise noted, paired tests were
used.
Cable Modeling
Passive cable simulations of EPSC and EPSP propagation within an idealized
SC model were performed using Neuron 7.1. Model morphology values were
set to represent average SC morphometric parameters: a soma diameter of
9 mm and three 100 mm dendrites (0.4 mm diameter), each with 3 branches.
Passive properties were assumed uniform across the cell. Specific membrane
capacitance (Cm) was set to 0.9 mF/cm
2. Rm was set to 20,000 Ucm
2, giving
a membrane time constant of 17.7 ms, similar to experimental estimates in
adult SCs (17.1 ± 2.7 ms; n = 10 cells). Ri was set to 150 Ucm to match the
EPSC decay in dendrites.
Electron Microscopy and Three-Dimensional Reconstructions
SCs were patched with an internal solution containing biocytin (0.3%) and
Alexa 594 (30 mM). After 5 min, the pipette was carefully withdrawn, and the
slices were fixed and cryoprotected. Fixed slices were then incubated in
a streptavidin ultrasmall-gold (Nanoprobe) solution. The labeled SCs were
trimmed, serially sectioned (70 nm thickness), and imaged with an electron
microscope. Volume reconstruction of immunogold labeled profiles was per-
formed using the software Reconstruct (JC Fiala).
See more details in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
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